M current interest in vadose zone hydrology is attributed to the role played by the vadose zone in controlling the quality and quantity of groundwater recharge. Th e mechanisms controlling water fl ow and contaminant transport through the vadose zone have been extensively investigated for several decades. Such studies are documented in a large array of publications, from small-scale laboratory experiments (Walser et al., 1999; Henry and Smith 2002; Keller and Sirivithayapakorn 2004; Pace et al., 2007) to large experimental fi eld operations (Dahan et al., 1999; Salve et al., 2002; Walvoord et al., 2002; Kowalsky et al., 2005; McLin et al., 2005; Rimon et al., 2007; Segal et al., 2008) . Recent years have seen remarkable progress in the implementation of new technologies and advanced methods for vadose zone hydrology (Rossabi et al., 2003; Weihermuller et al., 2007) , as evidenced by the Vadose Zone Journal dedicating several special issues to advanced vadose zone monitoring and measurement technologies (Vol. 2, Issue 4, 2003; Vol. 3, Issue 4, 2004; Vol. 4, Issue 4, 2005) . Nevertheless, the most important monitoring tools traditionally use water content sensors, such as time-domain refl ectometry (TDR) probes (Evett and Parkin 2005) , tensiometers for water-pressure measurements, and suction cups for sampling the sediment pore water (Looney and Falta 2000) . Th ese tools were originally designed for implementation in shallow soils for agricultural purposes. Th eir implementation in deep sections of the vadose zone is therefore usually not straightforward.
Measurements of water content profi les in the deep vadose zone are usually obtained through a permanently installed access borehole using neutron thermalization (Flint et al., 2002b) . West and Truss (2006) used infl atable packers to attach TDR probes to the side wall of uncased vertical boreholes in a sandstone formation. An alternative method for the installation of FTDR probes was presented by Dahan et al. (2003) . Th e method was successfully implemented in several studies, providing unique data on the dynamics of water infi ltration through the deep (5-21-m) vadose zone (Dahan et al., , 2008 Rimon et al., 2007) Application of tensiometers and suction cups in deep horizons of the vadose zone faces similar technical problems. Th e porous tip, which is usually made of fragile ceramic material, needs to be pushed into the ground or installed in a smalldiameter borehole that has to be drilled for this purpose. To overcome the limited installation depth of both TDR probes and
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Water percola on and tracer migra on through the vadose zone underneath an ephemeral channel were studied using a vadose zone monitoring system (VMS) and applica on of a mul tracer test. The VMS included fl exible me-domain refl ectometry (FTDR) probes for con nuous tracking of water content profi les, and vadose zone sampling ports (VSPs) for frequent sampling of the deep vadose pore water at mul ple depths. The VMS was installed directly under an infi ltra on pond with several infi ltra on rings containing a traceable solu on. Water content measurements by the FTDR probes allowed detailed visualiza on of the vadose we ng process; VSP samples allowed the establishment of tracer breakthrough curves at various depths. Flow veloci es and fl uxes were calculated from both the we ng process and the tracer breakthrough curves. The mul tracer experiment revealed an unsteady fl ow pa ern strongly aff ected by the layered structure of the sediments. The tracer breakthrough curves indicated domina on of a mobile-immobile fl ow mechanism controlling contaminant migra on across the vadose zone. The experimental setup demonstrated the ability of the VMS to provide real-me monitoring of water fl ow and contaminant transport in the vadose zone.
tensiometers, Murdoch et al. (2000) developed an instrumentation technique that allows installation of soil sensors on the side walls of a wide-diameter borehole. Haimerl (2004) used TDR probes and tensiometers in deep vertical boreholes drilled in a coarse-grained alluvium. In that study, the sensors were placed in the deep part of a borehole that was back-fi lled with fi ne sand and then sealed to the surface. Th e measurements were conducted in a relatively large volume of sand embedded to the desired depth, with the assumption that the hydraulic conditions in the sand refl ected those in the surrounding formation. A similar concept for installing advanced tensiometers was presented by McElroy and Hubbell (2004) . A special sampling system developed by FLUTe (Flexible Liner Underground Technologies, Santa Fe, NM) allows sampling of the vadose zone gas phase and detection of contaminants using specifi c sorbents (McLin et al., 2005) . Th is sampling system is also known as SEAMIST. Other methods for evaluation of soil hydraulic conditions use heat dissipation sensors to measure the soil matric potential (Flint et al., 2002a; Scanlon et al., 2005) and streambed temperature profi les to estimate streamfl ow patterns in ephemeral channels (Constantz et al., 2003) .
Here, we present a new monitoring system that allows direct measurement of the percolation process through the deep section of the vadose zone. Th e monitoring system allows real-time determination of the vadose zone water content and frequent sampling of the vadose zone pore water at multiple depths. Th e system's applicability is presented through the results of a multitracer percolation experiment that was designed to study the dynamics of fl oodwater infi ltration through layered alluvium under an ephemeral stream in an arid environment.
Materials and Methods

Methodological Concept
Our VMS was specifi cally developed for real-time tracking of water percolation and contaminant transport within the vadose zone. Th e monitoring system involves the attachment of customized probes and pore-water sampling ports to the upper sidewall of an uncased small-diameter slanted borehole (Fig. 1) . Assuming that the general fl ow direction in the vadose zone is vertical, every point on the upper side of a slanted borehole faces an undisturbed sediment column. Although the sediments on the borehole side wall could potentially be disturbed by the drilling activity, it is obvious that the sediment column is undisturbed from the borehole walls to the land surface. Accordingly, we assume that the fl ow regime from the land surface to any given point on the slanted borehole takes place in an undisturbed soil column. Th is assumption is not valid for vertical boreholes where the probes are distributed along the drilling axis, which is also the general fl ow direction.
Installa on Procedure
A fl exible sleeve made of thin (0.5-mm) fl exible polyvinyl chloride liner, hosting several probes and sampling ports along its length at the desired distribution, is lowered into an uncased borehole (Fig. 1) . In the borehole, the probes are aligned along its upper sidewall. Immediately after insertion of the fl exible sleeve into the borehole, it is fi lled with liquid fi lling material (two-component urethane) that solidifi es shortly after the fi lling is completed. Hydrostatic pressure is generated by the fi lling material within the sleeve before it cures. As a result, the sleeve expands and probes are pushed against the borehole's upper sidewall with suffi cient force to achieve good contact between the probes and the sediments. Th e combination of a fl exible sleeve with a high-density fi lling liquid (1.6 g cm −3 ) ensures that the borehole is sealed all along its length as the sleeve expands to fi ll the entire void, including small cavities on the borehole walls or diameter irregularities. A schematic demonstration of the sleeve and probe attachment to the borehole irregularity is given in Fig.  1 . Accordingly, the borehole is sealed and potential preferential fl ow along its length reduced. In addition, the high-density liquid used in the sleeve restores the pressure around the borehole and prevents tension-release cracks that might have been generated during drilling.
Vadose Zone Probes and Sampling Ports
Several probe types have been developed and tested in the laboratory as well as in full-scale fi eld experiments, including FTDR probes (Dahan et al., 2003) and VSPs. While the FTDR probes are designed to provide information on the infi ltrating water via temporal variations in the vadose zone water content, the VSPs are designed to allow frequent sampling of the percolating water. Accordingly, water fl ow and contaminant migration along the vadose zone can be evaluated from real-time information on the hydraulic properties of the vadose zone profile along with the chemical evolution of the percolating water. A detailed description of the FTDR probes, including application in field studies, calibration procedure, and data interpretation, has been presented previously (Dahan et al., , 2008 Rimon et al., 2007) . Nevertheless, a recent study indicated that TDR probes installed on top of an impermeable casing in slanted boreholes, similar to the FTDR F . 1. Schema c illustra on of a vadose zone monitoring system. installation procedure that was used in this study, could potentially overestimate measured water content values under dynamic fl ow conditions (Warrick and Knight, 2002; Hinnell and Ferré, 2008) . Accordingly, the measured water content values presented here may overestimate the actual water content in the sediments away from the probe. It should be noted, however, that the calculated overestimation is not expected to deviate from the measured values by more than 1% at low water contents and by up to 3% at the maximum measured water contents. Also, the potential deviation in the measured water content is not expected to aff ect the wetting front arrival time and the consequent calculated percolation velocities. Th erefore, we assume that the general fl ow pattern that is delineated from the variation in water content will not be signifi cantly aff ected by any potential overestimation of water content.
Th e physical mechanism that allows sampling of the vadose zone pore water by the VSP is based on creating hydraulic continuity between the sediment pore water and a sampling cell. Similar to standard tensiometers and suction cups, the hydraulic continuity is achieved via a fi ne porous medium such as a ceramic plate. Hydraulic continuity between the ceramic plate and the coarse sediments on the borehole sidewall is achieved through an unconsolidated agent made of a soft, fl exible sand pillow (Fig. 1) . Th e sand pillow is customized from a fl exible fi ber mesh (hole size ?1.4 mm) fi lled with fi ne quartz sand (particle size <50 μm). When pressed against the borehole side walls, the pillow adjusts its shape to the borehole wall irregularities and the fi ne sand is ejected out of the mesh holes to fi ll small pores and cavities on the borehole side wall. Accordingly, fi ne-pore continuity between the coarse sediments and the ceramic plate is achieved through the sand pillow. Th e VSP is operated through a set of small-diameter access pipes (<1-mm i.d.) and control valves. Once hydraulic continuity between the sediment pore water and the VSP is achieved, low pressure (vacuum) is applied to the sampling cell through a pipe connected to its upper part (red pipe in Fig. 1) . Th e low pressure in the sampling cell propagates from the ceramic plate through the sand pillow to the sediments and drives the sediments' pore water to the cell. Once a water sample has accumulated in the cell, positive pressure is applied to the upper part of the cell (red pipe on Fig. 1 ) and the water sample quickly drains through a sampling pipe connected to the cell bottom (blue pipe in Fig. 1 ). Th e large surface area of the sand pillow (10 by 40 cm) appears to create effi cient hydraulic continuity under various conditions, especially in coarse alluvial formations. Although the results presented here are for a 4-mdeep vadose zone, several versions of the system have been tested and found capable of providing continuous water samples from a deeper vadose zone extending 30 m below the land surface.
Study Site
An infi ltration experiment was designed to study water fl ow and contaminant transport through the vadose zone of an alluvium formation in the Arava Valley, Israel. Th e experiment was part of a research project on fl oodwater infi ltration and groundwater recharge of alluvial aquifers in arid environments. While previous stages of the research project focused on evaluating the infi ltration process via variation in the vadose zone water content profi les , in this study the percolation process was investigated by tracking tracer migration from the land surface through the vadose zone using the VMS. Th e general features of the site were previously reported by Dahan et al. (2007) ; nevertheless a brief description is presented here.
Th e infi ltration experiment was conducted in a natural section of the streambed channels of Wadi Arava, which drains the central Arava Valley and fl ows north to the Dead Sea. Th e climate in the Arava Valley is hyperarid, with an average annual rainfall of <50 mm and potential evaporation >3000 mm. Th e upper phreatic aquifer of the central Arava Valley is composed of gravel and sand layers interbedded with thin clay and marl lenses. Th is heterogeneous aquifer is predominantly recharged by fl oodwater infi ltrating along the main tributaries. Th e stream channel in the study area is usually fl ooded once a year for several hours and the maximum fl ood stage is relatively low (up to 0.7 m). Th ere is no vegetation at this hyperarid channel and no roots from the nearby fl oodplain vegetation were found in the boreholes.
Th e stratigraphy of the upper 9 m of the alluvial channel at the study site is presented in Fig. 2 . It is composed of 6 m of poorly sorted coarse gravel in a sandy matrix overlying ?2 m of a clay-silt layer. Th is clay-silt layer forms a local perched aquifer, which is recharged by fl oodwater infi ltration. Th e water table of this phreatic aquifer is ?4 m below the surface. Th e presented stratigraphy was obtained from sediment sampling while drilling a vertical borehole for installation of an observation well at the site.
Th e grain size distribution of selected samples from the unsaturated zone (Table 1) shows that the sediments are composed mostly of coarse gravel (>2 mm), with very small amounts of fi ne material. Th e gravel lithology is mainly limestone, dolomite, fl int, and sandstone. Very similar characteristics were observed in fi ve other boreholes drilled at this site and no signifi cant F . 2. Lithological cross-sec on of the study site.
observable layering alteration was detected. Close examination of the sedimentary structure indicates extremely fi ne-scale heterogeneity of the sedimentology (Fig. 3) . Although this fi gure is a photograph of sediments from an exposure near the surface, it well represents the sedimentologic properties observed on borehole sidewalls and in excavations. Th e small-scale heterogeneity is of fi ne layers of silt and clay as well as the natural heterogeneous distribution of gravel layers of variable characteristics. Sediment sampling from the vadose zone of an unconsolidated gravel formation required a relatively large diameter (160-mm) bucket auger installed on a heavy truck. Th erefore, high precision of undisturbed samples from the deep section of the vadose zone was not collected for laboratory analysis of porosity and permeability. Moreover, the identifi cation of small-scale heterogeneities due to thin layering features was very limited through the drilling and sampling procedures used, since sediment samples are usually mixed samples of a relatively large volume. Nevertheless, the presence of these "undetected" fi ne layers may signifi cantly impact the dynamics of the percolation process. Baker and Hillel (1990) demonstrated that infi ltration through layered soils where fi ne-particle layers overlie coarse-particle layers may result in unstable fl ow and generation of a fi ngering fl ow pattern. Th is instability is created when the wetting front reaches the boundary plane between the fi ne and coarse particle layers. High waterentry potential of the coarse layer prevents the wetting front from crossing this boundary. Th is boundary, known as the capillary barrier, breaks down when the water potential of the fi ne layer is lowered due to continuation of surface infi ltration and increased water content of the fi ne-particle layer.
Experimental Setup
A VMS hosting five FTDR probes and five VSPs was installed in a slanted borehole (35° to the vertical, 150-mm diameter) drilled in the stream channel to the water table at 3.9 m below the land surface (Fig. 4) . Water-content measurements were performed using a TDR100 time domain refl ectometer, CR10X datalogger, and SDMX50 multiplexers (Campbell Scientifi c, Logan, UT). Th e FTDR waveguides were connected to the acquisition system using high-quality RG-58 coaxial cable. To minimize the disturbance of the sediment structure on the borehole sidewalls, this borehole was not sampled during drilling because such sampling would require multiple insertion and retrieval of the drilling shaft. Such a drilling and sampling procedure in unconsolidated gravel would have resulted in disturbance of the original sedimentary structure surrounding the borehole. Th e general lithologic composition, presented in Fig. 2 and Table 1 , was obtained from a vertical observation well (Fig. 4) . Nevertheless, it probably well represents the site because the drilling cuts from the slanted borehole as well as from all other boreholes that were drilled at the vicinity of the site share similar properties. A 3-by 5-m infi ltration pond was constructed on the land surface directly above the monitoring system. Large infi ltration rings (58-cm diameter) were installed through the pond bottom to allow infi ltration of the traced T 1. Grain size distribu on of sediment samples from the unsaturated zone. solutions directly to the vadose zone above the sampling cells (Fig. 4) . Th e rings were installed through 15-cm-deep grooves that were gently excavated around the outer side of the ring. Th e grooves were then sealed with clay. Special attention was given during the installation to avoid disturbance of the surface sediment structure inside the rings. In addition, the surface area inside the rings was covered with several layers of thick mesh cloth to prevent surface area disturbance and sediment suspension while fi lling the rings with water. Water for the infi ltration experiment was provided from a nearby farm. Major ion concentrations are presented in Table 2 . Frequent sampling of the pond water indicated no signifi cant change in the chemical properties of the pond water compared with the source water.
Th e infi ltration experiment was conducted for 38 h through two main water-level stages (Fig. 5) . During the early phase, the water level in the pond was maintained at ?28 cm for 7 h; it was then allowed to drop to ?14 cm for the rest of the experiment. Th roughout the entire experiment, the water head in the rings was maintained equal to the water head in the pond. Water losses from the pond and from each individual ring were compensated to maintain equal water head. Th e volumes of water that were added to maintain equal water head were recorded and analyzed to calculate the infi ltration rate.
Five diff erent isomers of fl uorobenzoic acid (FBA) were selected as tracers to mark the percolating water through the vadose zone (Table 3) . Fluorobenzoic acid isomers were previously shown to be effi cient tracers for water movement (Benson and Bowman, 1994) , especially in multitracer tests where several tracers need to be applied simultaneously (Dahan and Ronen, 2001) . Under the experimental conditions, i.e., neutral pH (7.4) and a high content of limestone, which provides high buff er capacity, FBAs are expected to serve as conservative tracers. Th e analytical procedure that was used to determine FBA concentration was previously described by Dahan and Ronen (2001) .
To simplify the description of the tracers' migration in the subsurface, the tracers were numbered according to their application ring (Table 3) . For example, 2,4,5-trifl uorobenzoic acid, applied in Ring 1, is referred to as T1.
Two hours from the beginning of fl ooding, immediately after reaching a target water head of 28 cm, the tracers were introduced into the infi ltration rings at a constant concentration of ?60 mg L −1 (Fig. 5) . Th e tracers were applied instantly in all rings as preprepared concentrated FBA solutions. Equal water levels and equal tracer concentrations in each ring were achieved by connecting each ring to an external reservoir of tracer solution. Th e reservoir FBA concentration was equal to that of the ring right after application of the concentrated solution. Once a total volume of 20 L of tracer solution at constant concentration infi ltrated, the tracer solution within the ring was instantaneously replaced with tracer-free water. Accordingly, an equal volume or mass of tracer solution in equal concentration was infi ltrated in an equal water head to the vadose zone through the bottom of each ring. Due to the natural heterogeneity of the sediments, the injection period in the fi ve rings varied between 21 and 37 min. For quality control, water samples from the ring and the pond were taken before, during, and after the tracer test.
Th roughout the experiment, the VMS located under the pond was operated continuously to detect the vadose zone hydraulic condition as well as to collect water samples for later analysis of tracer concentrations. Water content measurements by the FTDR probes were performed every 5 min. Frequent sampling of the vadose zone water by the VSPs was enabled on propagation of the wetting front as indicated by the FTDR probes. Th en water samples were collected approximately every 15 to 45 min until the end of the experiment. Th e samples were stored refrigerated for later analysis of FBA concentrations to establish tracer breakthrough curves along the vadose zone.
Results
Water Percola on
Flooding the pond initiated a percolation process, which was expressed as variations in the vadose zone water content profi les (Fig. 6) . Th e initial water content profi le before fl ooding (Hour 0, Fig. 6 ), shows a variable water content ranging from 0.06 to 0.16 m 3 m −3 . Th ese values probably refl ect the sediment heterogeneity, where higher initial water contents are caused by a larger presence of fi ne grains in thin layers or laminae, which increase the water retention capacity. As noted above, our sampling during borehole drilling provided no indication of such layers.
An increase in the measured water content at various depths indicates the arrival time of the wetting front. Accordingly, the wetting-front propagation velocity through the vadose zone is indicated by the wetting sequence of the probes at the various depths (calculated fl ow velocities are presented below). Th e maximum water content measured at the various depths during the experiment ranged from 0.09 m 3 m −3 at 2.86 m to 0.27 m 3 m −3 at 1 m. Th e vadose zone's fi nal drainage by the end of the experiment is expressed as a reduction in the water content profi les. An interesting observation that appeared to have a signifi cant infl uence on the tracer test results is related to the water content values measured in the sediments at a depth of 1 m. Th is was the only layer that reached near-saturation water content values (?0.27 m 3 m −3 ). Th e rest of the cross-section remained unsaturated throughout the entire fl ooding period, including the probe located near the surface at 0.2 m. Note that the presented water content measurements were taken with a T 2. Major ion concentra ons, alkalinity, total dissolved solids (TDS), pH, and electrical conduc vity (EC) of the source water that was used for the infi ltra on experiment. 30-cm-long FTDR probe installed in a 35° slanted borehole and thus provide an average value for a horizontal and vertical zone of 17 and 24 cm, respectively. Accordingly, the presented depth of all probes and sampling ports refers to the vertical distance from the land surface to the middle point of the sampling zone.
Tracer Test
Th e sampling frequency of the vadose zone pore water by the VSPs is predominantly aff ected by the sediment water content. Accordingly, frequent and effi cient sampling of the vadose zone pore water began immediately after wetting was detected by the FTDR. Upon wetting, water samples (minimum volume of 15 mL) were collected from all cells every 15 to 45 min. Analysis of the water samples collected by all VSPs for the entire range of tracers applied in the infi ltration rings allowed the establishment of a series of breakthrough curves of the various tracers at various depths (Fig. 7) . Note that the VSPs are 40 cm long and 10 cm wide, installed in a 35° slanted borehole, and the samplers' capture zone depicts a horizontal cross-section of ?23 cm.
Vadose zone sampling port no. 1 (VSP1) was installed at 0.6 m below the surface under Ring 1. Th e tracer breakthrough curves in this sampling port shows that tracers T1 and T2 were found in the sampling zone of this sampling port (Fig. 7a) . Vadose zone sampling port no. 2 (VSP2) was installed at 1.4 m below the surface under Ring 2. Th e breakthrough curves of tracers in the water samples of this sampling port show that the capturing zone of this sampling port collected water samples from four diff erent rings: T1, T2, T3, and T4 (Fig. 7b) .
Th e breakthrough curves in this VSP depicted an interesting double-peak breakthrough pattern. At fi rst, traced water from the three adjacent Rings 1, 2, and 3 appeared in the cell with an expected breakthrough pattern. Tracer T2, which was applied directly above VSP2, was detected fi rst, and the tracers from the adjacent rings followed. Th en, at Hour 15, a second tracer peak was observed. Th e second breakthrough curves appeared several hours after the water levels in the ponds had been lowered (Fig. 5) . We emphasize again that the tracers were injected ?2 h after the initial fl ooding time for a duration of only ?30 min.
Similar to the breakthrough curves of the tracers in VSP2, the tracer breakthrough measured by VSP3 at 2.2 m exhibited a doublepeak breakthrough pattern, with the second peak coming several hours after the water level in the pond had been lowered (Fig. 7c) . Overall, VSP3 collected tracers from four rings (T1, T2, T3, and T4).
Water samples in VSP4, which was located at 3 m below the surface, exhibited single breakthrough curves for tracers T4 and T5 (Fig. 7d) . Th ese breakthrough curves appeared simultaneously with the tracers' second breakthrough in the other VSPs located higher up in the cross-section. It could well be that the fi rst breakthrough curves that were typical at the shallower depths were not observed here due to a dilution eff ect. Note that in all cases, T4 appeared only in the second stage, after lowering of the pond's water level. No tracers were detected in the water samples collected by VSP5 at 3.8 m. It is probable that no tracers were detected in this sampling port because it is partly placed below T 3. Tracers applica on in the infi ltra on rings. F . 6. Water content varia ons along the vadose zone crosssec on during and a er the infi ltra on experiment as measured by the fl exible me domain refl ectometry probes. Note that two resolu on scales are used for me.
F . 7. Breakthrough curves of fi ve fl uorobenzoic acid tracers (T1-T5) that were applied simultaneously in the fi ve infi ltra on rings on the land surface and detected in the water samples collected by the vadose zone sampling ports (VSPs) at various depths: (a-d) VSPs 1 to 4, respec vely.
the water table and the infi ltrating tracer water was diluted in groundwater to concentrations below detection limits.
Flow Velocity and Fluxes
Infi ltration rates, fl ow velocities, and fl uxes through the vadose zone were measured and calculated by several independent methods that cover a variety of dimensions and time scales. Th ese include: (i) water infi ltration from the land surface, measured as water losses from the pond and from individual infi ltration rings; (ii) percolation processes as refl ected by the temporal variation in the water content profi les of the vadose zone; and (iii) water percolation as indicated from the multitracer test where tracer breakthrough curves were established at multiple points along the vadose zone.
Surface Infi ltra on
Th e infi ltration rates from the land surface down to the vadose zone were calculated directly from the volume of water per time that was added to maintain a constant water head in the pond and in each individual ring during the experiment. Infi ltration rates for each infi ltration ring and the total discharge from the pond were calculated for the two main water-level stages (28 and 14 cm). Th e infi ltration rate from the rings during the fi rst and second water level stages were calculated as 0.31 and 0.16 cm h −1 , respectively (Table 4) . During each stage, the discharges remained relatively stable, with minor variations among the diff erent rings. At both stages, however, the measured fl uxes from the entire pond (0.2 and 0.09 m h −1 ) were signifi cantly lower than those measured by the rings. Two main reasons could account for this discrepancy: (i) reduction in the conductance of the pond surface area near its margins as a result of sediments collapsing from its boundaries; and (ii) installation of the rings possibly breaking through the top surface layer around the inside perimeter of the ring and increasing its average conductance properties. Th e latter phenomenon has been previously observed by Dahan et al. (2007) .
We ng-Front Propaga on
Th e wetting-front propagation velocity through the vadose zone (v) was calculated directly from the wetting sequence of the FTDR probes:
where Δz is the vertical distance between two adjacent probes and Δt is the time gap between their responses to a change in water content on arrival of the wetting front. Th e wetting front arrival time was defi ned as the time at which the probe reached 50% of the total increase in water content. Combining the calculated wetting-front propagation velocity (v) with the measured change in water content, Δθ, allowed calculation of the downward fl ux (q):
where Δθ is defi ned as the diff erence between the initial water content and the fi nal water content. Th e validity of the fl ux calculation (based on the use of Δθ) relies on the assumption that the water fl ux in the vadose zone before fl ooding was insignifi cant and practically assumed equal to zero. Th ese velocities and fl uxes represent the percolation process in its early stages with the propagating wetting front. As expected from the heterogeneous character of the sediments, signifi cant variation in both fl ow velocities and fl uxes were exhibited at the diff erent depths. Note that the fl uxes and velocities presented in Table 5 were measured with the moving wetting front and, therefore, each value represents diff erent depth and time intervals. Note that although two orders of magnitude in the fl ux rates were measured between the fi ve depths during the fi rst 10 h, these variations were expected because the wetting-front propagation in such a heterogeneous medium is expected to be a dynamic non-steady process. Interestingly, the average fl ux measured by the wetting-front propagation (Table 5 ) and through the pond (Table 4) are very similar (?0.14 m h −1 ).
As expected in heterogeneous layered sediments, the percolation process was not homogeneous or consistent. While the wetting process in the upper meter was rather fast, taking <1 h with an average velocity of 0.95 m h −1 , the next 1.84 m, to a depth of 2.6 m, took more than 7 h with an average fl ow velocity of 0.26 m h −1 . Th en, a quick wetting process was observed again from 2.6 to 3.4 m, with an average fl ow velocity of 2.3 m h −1 . Th ese extreme variations in measured fl ow velocities may be explained through the dynamic process of wetting-front propagation in heterogeneous layered soils. Nevertheless, since the probes were not aligned along a vertical column (Fig. 4) , it may also be explained as preferential fl ow and a fi ngering percolation pattern (Kawamoto et al., 2004) .
Tracer Migra on through the Vadose Zone
Tracking the tracers' migration through the vadose zone, from their application points on the land surface to their sampling points in the vadose zone, provides unique information on the percolation process. Th e appearance of multiple tracer breakthroughs in all cells is clear evidence for the existence of horizontal fl ow components and nonvertical fl ow lines, even though the rings were placed in a much larger pond that provided uniform boundary conditions around the rings (Fig. 7) . Although the tracer breakthrough curves implied an unstable fl ow pattern with signifi cant lateral fl ow components, an average vertical fl ow velocity was calculated from the tracers' migration time. Th e average vertical fl ow velocity was calculated from the time elapsed between the tracers' application in the rings on the land surface and the time at which their respective relative concentrations reached 50% of the maximum measured relative concentration, divided by the depth of the sampling point ( Table  6 ). Note that since some of the tracers exhibited multiple breakthrough peaks (for example, T1 at a depth of 1.33 m), the average fl ow velocity was calculated for the middle concentration of the fi rst appearance. Moreover, the vertical fl ow velocities consider only the vertical tracer migration and ignore lateral fl ow from adjacent rings through nonvertical fl ow lines. Th e fl ow velocities calculated from the tracers' breakthrough are less variable than the extreme variation in fl ow velocities obtained from the wetting-front propagation measured by the FTDR (Table 5) . Th e "smoothing" eff ect on the fl ow velocity calculated from the tracer breakthrough curves is primarily caused by the fact that the two methods provide data from diff erent depths and from diff erent infi ltration phases. While the FTDR method measured the wetting-front propagation in initially dry sediment, which by defi nition is a less stable fl ow phase, the traced solution propagated in a prewetted medium because it was injected 2 h after the wetting time. Furthermore, comparing the percolation velocities and fl uxes measured in the vadose zone to the water infi ltration through the pond shows a pattern of increasing stability with scale and time.
Discussion
Lateral Flow and Mixing Layers
Th e VMS, which was specifi cally designed for the study of water percolation and contaminant transport through the vadose zone, was tested in a study on water infi ltration through alluvial formations. Vital data on the fl ow conditions in the vadose zone were obtained, including (i) temporal variation in the vadose zone water content (Fig. 6) as an indicator of the water percolation process and (ii) data on the quality of the percolating water as refl ected by the tracer breakthrough curves at various depths along the vadose zone (Fig. 7) . In situ real-time monitoring of the percolation process under natural fi eld conditions of layered alluvium showed a complex and dynamic percolation process.
This infiltration experiment revealed several features in patterns of water percolation through layered sediments. Th e measured fl ow velocities and the calculated fl uxes at various depths showed large variations in both time and space (Tables 4, 5, and 6). Th is was seen in both the measured wetting-front propagation and in the tracers' migration in the vadose zone. Yet, most of the measured fl uxes in the vadose zone were signifi cantly lower than those measured on the land surface, at the pond and in the infi ltration rings. Closer analysis of the wetting process (Fig. 6) indicates that water infi ltrated quickly to a depth of ?1 m and the water content of the sediments at this depth reached saturation values. Combining the (i) high infi ltration rates at the surface, (ii) low percolation rates in deeper sections, and (iii) saturation at ?1-m depth leads to the conclusion that an impeding layer at this depth created signifi cant lateral fl ow that diverted percolating water horizontally. Similar observations were made by Dahan et al. (2007) in a nearby site with similar geomorphic and sedimentologic characteristics. In the present experiment, however, direct observations of lateral fl ow caused by an impeding thin layer were obtained from the tracers' breakthrough curves. Nevertheless, it should be noted again that such a layer of fi ne particles was not observed in the sampling during our drilling, and from our experience it cannot be observed during drilling using regular technology. Th e impeding layer is probably created by a very thin, sometimes millimeter-scale layer with somewhat increased fi ner grains.
Th e percolation condition in the top 1 m of the sediments exhibited tracer breakthrough curves with a single peak of tracers from only two neighboring rings (Fig. 7a) . Th is is an indication that the fl ow pattern is predominantly controlled by vertical percolation under unsaturated conditions. In contrast, in the deeper layers, several tracers appeared in each sampling port at relatively similar low concentrations. Th is indicates considerable dilution of the tracers with water from diff erent sources. Th e appearance of several tracers from distinct sources at similar low concentrations supports the existence of a permeable mixing layer with saturated conditions that promote lateral fl ow. Such lateral fl ow may mix the percolating water from the various sources.
Dual Porosity and Contaminant Transport
Th e tracer breakthrough curves through the vadose zone presented a double-peak pattern (Fig. 7) . Although the tracers were injected through the infi ltration rings as a single slug of ?30 min during the early stages of the experiment, all second breakthrough peaks appeared during a narrow time interval, between 12 and 15 h, throughout the cross-section. Moreover, during this interval, even the deepest sampling port at 3 m began detecting tracers. Again, all late breakthroughs appeared immediately after the water head in the pond had been lowered and the measured fl uxes reduced. Th e relatively simultaneous release of tracers to the fl owing phase and their simultaneous detection at various depths suggest that the transport mechanism is controlled by a mobile-immobile fl ow pattern that is triggered by percolation conditions (Casey et al., 1998; Vervoort et al., 1999) .
Th e mobile-immobile fl ow mechanism considers the porous domain as a dual-porosity system composed of a set of interconnected pores forming the mobile zone. Th is mobile zone is connected in places to dead-end voids that are r the immobile zone. Th e extreme heterogeneity of layered alluvial deposits underlying stream channels in arid environments makes them a good candidate for the creation of preferential fl ow or potential fi ngering in a double-porosity medium. Severino et al. (2006) presented a solution for a mobile-immobile fl ow mechanism, based on linear kinetic sorption, that predicted the appearance of a double-peak breakthrough during the redistribution phase. Although in our experiment the second breakthrough peaks did not appear during the fi nal redistribution phase, they did appear immediately after the water head in the pond was reduced and a consequent reduction in water fl uxes was observed (Table 4) . We hypothesize that three phases of fl ow and transport, illustrated in Fig. 8 , could produce the observed double-peak breakthrough curves. Initially, when the wetting front propagates through relatively dry sediments, tracers quickly percolate through the main fl ow channels of the mobile zone. While fl owing through these open routes, small dead-end pores, which are connected to these main fl ow routes, are fi lled with tracer solution (Fig. 8a) . Technically, the immobile zone can be a real dead-end pore on a microscale (similar to those described in Fig.  8 ), but in alluvium, it is more likely to be a layer or small lens of highly permeable gravel surrounded by silt or clay deposits (Fig.  3) . At this stage, the tracers keep propagating in the mobile zone. As a result, the expected fi rst breakthrough appears close to the wetting front arrival time with a relatively sharp and fast rising limb of the breakthrough. In the second stage, the source of the tracers on the land surface is cut off and replaced by tracer-free water without changing the fl ow conditions (water head in the pond) (Fig. 8b) . In this phase, the main active fl ow channels of the mobile zone are fl ushed. Accordingly, a longer falling limb of the tracers' breakthrough is observed as expected. Large volumes of tracer solution still occupy the immobile zones, however, and water exchange between the mobile zones is subjected to slower diff usion processes. Th en a change in the pond's hydraulic head lowers the percolation water fl uxes. As the system is controlled by gravity drainage, some of the water supply to the mobile zone is reduced and causes the drainage of tracer water from the immobile zone into the main fl ow routes in the mobile zone (Fig. 8c) . As a result, a second breakthrough is observed simultaneously all along the vadose zone cross-section.
Poten al Applica on of the Vadose Zone Monitoring System
Groundwater pollution by contaminants is predominantly controlled by the transport characteristics of contaminants in the vadose zone. Accordingly, proper monitoring and control of contaminant transport through the vadose zone is a key to protecting groundwater from pollution. Th is has many implications in light of the poor condition of contaminated aquifers and the global failure to fully remediate polluted aquifers. In areas that infl ict pollution hazards that can jeopardize groundwater resources, proper and continuous monitoring of the vadose zone can prevent the harsh consequences of the groundwater's irreversible deterioration. Th us, a VMS such as the one described here may be considered as an early warning system that can provide indications of the contamination process in its early stages, i.e., when pollution is still in the vadose zone, long before it accumulates as a large contaminant plume in the groundwater, as it is practiced today.
Remediation of polluted aquifers is extremely expensive, while remediation of polluted unsaturated zones is much more eff ective since the vadose zone provides better conditions for bioremediation (Russell and Jon 2004) . Effi cient bioremediation is controlled by manipulation of vadose chemical and hydraulic conditions. Usually these conditions are implemented on the land surface and little is known of the actual hydraulic and chemical conditions in deep sections of the vadose zone.
On-line monitoring of the vadose zone, which provides real-time information on the hydrologic and chemical conditions in the subsurface, can signifi cantly improve the effi ciency of these remediation activities.
Th e multitracer experiment that was conducted under a fi eld-scale setup with natural, undisturbed conditions demonstrates that water fl ow and contaminant transport through layered sediments is an extremely complex and unstable process. Th is complexity poses a great challenge for the proper modeling of contaminant transport in layers of natural soils. Th e VMS showed a potential capability to detect contaminant transport through deep sections of the vadose zone. Although this experiment was conducted in a 4-m-thick vadose zone, the system is designed to be implemented also at much greater depths. Recently, the VMS has been installed for other research studies on water fl ow and contaminant transport at depths ranging from 16 to 45 m.
F . 8. Illustra on of tracer migra on in the unsaturated zone dominated by a mobile-immobile fl ow mechanism: (a) percola on of traced water through ini ally dry or drained sediments fi lls the mobile and immobile sec ons; (b) traced water is replaced with untraced water and the main ac ve channel is fl ushed; (c) a lowered water head at the pond results in decreased fl ux and par al drainage of the main ac ve channel, which drains the traced water out of the immobile zone to the ac ve channels.
